leaf beetles, unlike some other groups of insects (e.g. Lepidoptera, Orthoptera), no sexual dimorphism in coloration is known. Aposematism is probably t h e main 'raison d'etre' for their colorful appearance. Indeed, the Chrysomelidae are well known as toxic insects, protected by a great diversity of chemicals. The purpose of this review is to suggest possible scenarios for the evolution of diversity in chemical defense of Chrysomelidae. We will base our hypotheses on comparative morphological and chemical data, and on ecological factors, such as the influence of host plants on these herbivores. The toxins utilized for defense can be systemic 1z'14 or stored in specialized organs 22. We will restrict our discussion to the defensive compounds secreted by exocrine glands of adult beetles. The evolution of chemical defense in the larvae 21, 2a, 25 will not be discussed here.
Morphology and distribution o f adult defensive glands
The structure and distribution of defensive glands on the body of leaf beetles are somewhat unusual for insects. Generally insect defensive glands possess a large cuticular reservoir, in which the secretion accumulates and where the last steps of the biosynthesis of toxins can occur (e.g. in chrysomelid larvae 22) . In adult leaf beetles the secretion accumulates not in a reservoir but in vacuoles of the secretory cells and in extracellular spaces. These cells converge on a linear duct which opens directly on the body surface ( fig. 1 ). Another unusual feature is the fact that an individual possesses dozens of glands, whose openings are situated all over the pronotum and the elytra. The distribution of the openings varies between species, but the secretory activity is often greatest along the lateral margins of the body ( fig. 2 ). structure are given in figure 3 . A typical gland consists of several identical units which open independently into the duct. As is frequently observed in integumentary glands of insects, each unit is made of groups of three cells surrounding the common epicuticutar ductule (Typ III glands 17). Only the most apical cell of each series has no secretory function. Minor morphological differences are found between taxa in the relative proportion of the different cell types in each unit. The same general organization is observed in dermal glands which, in many insects, are made of single units scattered over the surface of the sclerites. In the course of evolution, dermal glands might have provided the precursor for chrysomelid defensive glands. In the Galerucinae and the Alticinae the glands are often reduced or even absent, suggesting a secondary loss of this mode of defense, and are replaced by reflex bleeding and escape by jumping, respectively 9. Based on a study of wing morphology and male genitalia, the four subfamilies with glands form a monophyletic lineage 15 (Jolivet, pers. comm.) . This view is supported by the structural similarity of the glands. Although affinities between the Alticinae and the Galerucinae are conventionally recognized, the Chrysomelinae and the Criocerinae are often placed in different lineages 28 (Cromson and Schmitt, pers. comm.). On the basis of their morphological similarity, we will consider the glands of the four subfamilies as homologous and as having a common origin. 
Biosynthetic origin and host plant influence on defensive chemistry
The degree of diversity of defensive chemistry found in the tribe Chrysomelini is unique among comparable insect taxa. In this section, we speculate that the long parallel evolution between these specialist herbivores and their host plants may provide cues for the understanding of the evolution of such diversity. The data summarized in the previous section show that amino acid derivatives are present as major or minor components of the defensive secretion in all the taxa examined. This is exemplified by the occurrence of the It is not easy to understand the evolution of the biosynthesis of cardenolides in glands which synthesized amino acid derivatives in their plesiomorphic condition. At present we can not suggest any concrete hypothesis to explain this fact. But we suggest that in addition to the identification of the major compounds found in the secretions, chemical analyses should also focus on minor compounds which could give clues to possible intermediates as well as to the full synthetic abilities of the glands. For example, lipids are found in the secretion of Gastrophysa 14 and other Chrysomelina, and in trace amounts in the Chrysolinina and in Leptinotarsa 2t. The glands are thus able to produce both lipids and amino acid derivatives. It is possible that the defensive glands are derived from dermal glands which function to produce compounds involved in the maintenance of the integument. These compounds could include, for example, lipids necessary to keep the lipophilic properties of the cuticle and amino acid derivatives to act as antibiotics. Non-protein amino acids such as those found in the secretion of Leptinotarsa are indeed known for their antibiotic activity 1.
Why are Chrysomelidae so often aposematic?
Defensive strategies are numerous 10. Why is the combination of aposematism and toxins particularly successful in leaf beetles? We suggest that the feeding habits of these beetles were an important factor in the evolution of their mode of defense. In the Northern temperate zones, Chrysomelidae are mostly specialized on herbaceous plants or early successional shrubs (e.g. Salicaceae and Betulaceae). These are the kind of plants which are also often protected by toxins acting at low concentrations 11.26 Indeed, Brown 3 even suggested that aposematic insects are good indicators of medicinal plants, on the rationale that many aposematic insects sequester their toxins fi'om their host plants 2v. These plant toxins often cause delayed food poisoning in vertebrate predators; this poisoning is associated with strong negative conditioning 13. Bright colors of the prey will reinforce this associative learning. As discussed above, the influence of host plants on the defensive chemistry of the leaf beetles seems to be a secondary event in their evolution. The ancestral insects were probably already aposematic while still producing their toxins by de novo biosynthesis. Thus, in this group the sequestration of plant toxins was not a prime factor in the evolution of aposematism. We suggest that the feeding habits of the beetles make them apparent to predators such as birds, and that visual aposematism linked with the production of toxins offers the best protection against such predators (see Van Oycke3~ for similar discussion). Chrysomelinae have a low mobility once they have found a host plant and also a high reproductive rate. Thus, these oligophagous beetles tend to form large aggregations on patchy food plants in open habitats. Birds are known to search for prey more intensively in the area of their last rewards4 and to develop search images quickly 29. A rapid and powerful negative conditioning of the birds by the aggre-gated beetles is thus of critical importance to their survival. In this case, we should expect to find more aposematic insects among oligophagous herbivores feeding on herbaceous plants in open habitats than among polyphages feeding on forest trees. This seems to be true not only for Chrysomelidae but also for other phytophagous insects 2~ The unconsealed way of life of Chrysomalidae allows them to feed at the top of plants on young nutritious leaves. This exposed position is not without danger such as overheating or damage due to increased UV light. Colors, and especially metallic colors, possibly provide some protection against the deleterious effect of direct sunshine. There is an avenue open to research on this possible role of colors in aposematic insects.
Conclusion
Although our knowledge of the evolution of chemical defense in the Chrysomelidae is still very restricted, some general patterns are emerging, which suggest that the phytophagous habits of the beetles have strongly influenced their mode of defense. First, specialization on herbaceous plants in open habitats favored the joint evolution of defense by aposematic coloration and by toxins. Secondly, shifts in host plant affinities and subsequent adaptation of the beetles to the plant toxins were responsible for spectacular changes in the defensive chemistry of otherwise morphologically stable glands. We admit willingly that the ideas put forward in this review are mostly speculative and based on little evidence. We hope that they will stimulate further research and the discussion of alternative interpretations of the data.
